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Spark plugs were a key invention for the production of an effective spark-ignition engine. All essential components
constituting the modern spark plug have been present from the beginning of the twentieth century, including the two
electrodes: the anode is connected to the earth trough the metal casing and separated by a ceramic insulator from the central
cathode, which connects to the pulse generator [1].
Most modiﬁcations introduced later relate to the materials and to the conﬁguration of the electrodes. Presently, the
insulator is produced from sintered alumina. The cathode has a copper core to increase thermal conductivity; the surface
may be alloyed with silver, gold and platinum to increase the resistance to high-temperature corrosion. The anode is subject
to high-temperature corrosion by combustion gases and electro-erosion by the spark which transports metal ions in a
plasma state. Nickel alloys are mainly used, although platinum alloys are found in high-performance spark plugs [1–3].
The efﬁciency of the engine is strongly dependent on the ﬁring efﬁciency of the plugs, requiring an intense, localised
spark, which is typically formed between sharp edges or protuberances on the electrode surfaces; ‘‘diffuse’’ arcs form if such
protuberances are absent, producing a distribution of the spark in a series of small, individual arcs along the edge of the
electrodes [2–5]. Sharp edges are exposed to the corrosive environment and allow limited heat conduction, provoking rapid* Corresponding author. Tel.: +52 55 56 22 80 57; fax: +52 55 56 22 80 58.
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the electric arc [4]; under more severe conditions, microcracking of the electrode has been observed [5].
The use of multiple anodes presents a partial solution to this problem, as it multiplies the number of edges from which
sparks can originate. In general, a spark plug design with high ﬁring efﬁciency results in a limited lifetime. It is therefore
desirable to reduce initial efﬁciency in favour of improved lifetime efﬁciency.
2. Case description and analysis
The spark plugs studied here are marketed as a high-performance, high endurance design and used in 24 valve, 5.4 l V8
engines. The design differs from more classical electrode conﬁgurations by the fact that the anode consists of a continuous
metal strip bent over the cathode. The sparks are formed at the edges of a small cylindrical platinum insert. This geometry
provides a much larger area of trigger points for the electric arc, which consequently erode more slowly. Additionally, the
design efﬁciently uses a very small amount of corrosion resistant and refractory platinum, which would not be economically
feasible in classical electrode designs.
Nonetheless, a large number of complaints about engine efﬁciency loss were recorded from clients in Mexico. Failures
started to occur between 1000 and 5000 km. Similar failures were not reported in the rest of North-America. Evidence was
collected from 30 internal combustion engines used in the same vehicle model, comparing the performance to substitute
plugs with classical design. Comparison was also made between engines which used standard fuel and engines using
exclusively premium fuel, which did not suffer failure.
Observations were made by visual inspection, complemented by SEM-studies in a Philips XL20 equipped with an EDAX
energy dispersive X-ray spectrometer. Sections trough spark plugs were cut with a diamond disk. The magnetic ﬁelds during
discharge were measured by increasing tension until sparking occurred and registered in a Gaussmeter. The local magnetic
ﬁeld varies with position and cannot be measured directly between the electrodes due to the electric discharge; it is
measured on the outside. Because ﬁeld lines are closed onto themselves, this permits an estimation of the ﬁeld in the zone of
the electric arc.
After use in an engine run on standard fuel, the high-performance plugs showed a homogeneous black coating on
anode, cathode and insulator, together with signiﬁcant degradation of the platinum inserts. This contrasts strongly with
the ‘‘coffee with milk’’ colour (indicating satisfactory operation) found in spark plugs of other designs used with the
same type of fuel.
Scanning electron microscopy observations were performed by means of backscattered electrons which allow
distinguishing carbon-based deposits, oxides and metallic deposits by atomic number contrast. Fig. 1 shows a three-
electrode plug used with normal grade fuel. The pattern of erosion shows threefold symmetry and metallic deposits are
clearly related to the electrode position. The same is found in designs with single and double electrode [4]. Erosion and
deposition is limited and does not impair the operation of the component, in contrast with the high performance plug in
Fig. 2, where extreme erosion and corrosion is associated to an irregular deposit on the surface of the insulator. The
damage at the anode is even more pronounced. Only a small stub is left of the platinum insert and strong erosion of the
support is evident (Fig. 3).
Fig. 4 presents a transverse section of a failed plug. Two conductive deposit layers are distinguished. The composition of
the inner layer (Fig. 4) shows Fe, Mn and Ca with lesser amounts of Pt. The outer layer consists mainly of carbon. The anode
consists of a Ni–Cr–Fe alloy, but the amount of Fe in this material is small and cannot explain the predominance of this
element in the deposits (which also do not contain Ni and Cr).
The ﬁnal observation is presented in Fig. 5. The measurements showed that the magnetic ﬁeld close to the electrodes in
the single anode design (Fig. 5a) is three times weaker than in the high-performance design (Fig. 5b). Using some basic
knowledge on magnetic ﬁelds around a conductor, one can propose the ﬁeld lines drawn.Fig. 1. SEM-observation of a three-electrode plug.
Fig. 2. Strongly degraded spark plug.
Fig. 3. Anode of a degraded spark plug.
Fig. 4. Section trough the insulator of a failed plug. The alumina is covered with two layers, the ﬁrst one with a high content of metallic elements while the
second one mainly consists of carbon. The inset shows the EDX-spectrum of the metal-rich layer.
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Fig. 5. Qualitative assessment of the magnetic ﬁeld lines during spark discharge, based on measured ﬁeld intensities and electrode geometry. (a) Single
electrode conﬁguration; (b) high-performance plug.
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The points to be discussed are the effects of design and fuel grade, taking into account the sequence of processes involved
in accelerated erosion of the component. This sequence follows from the analysis of Fig. 4. It is clear that a metal-rich coating
is deposited onto the insulator from the start of engine operation. Once this coating makes connection to the central
electrode, sparks no longer originate between the electrode tips but create diffuse arcs wherever two conductive surfaces are
close enough together. This results in incomplete combustion, soot formation and the deposition of a new layer, rich in
carbon. This is noted by the driver as a loss of power in the engine and an increase in fuel consumption.
The question is why such a conductive ﬁlm is not formed in other plugs. In fact, deposits associated with electrode
positions are observed in two- and three-electrode designs but they are far less developed than in the high-performance
design. The origin of the deposits is the spark, which consists basically of the combustive mix in a plasma state. Cations
in the plasma are attracted to the cathode by the electric ﬁeld but may be swept away by the turbulence of the
combustion. The ones that reach the cathode are supposed to burn off during subsequent discharges. In the presence of a
magnetic ﬁeld, the ions also feel the magnetic force. If the ﬁeld is strong enough, a fraction of the ions in the plasma will
be deviated to the insulator instead of the electrode and accumulate there, as no burn-off occurs in this zone. This effect
occurs in all spark plugs but in the high-performance design, where the magnetic ﬁeld is three times stronger, the effect
is more pronounced.
The origin of the metals in the deposit is the fuel, because, if it were the anode, the deposit would consist mainly of
platinum. Instead, one ﬁnds Fe, Mn and Ca, with only small amounts of Pt. Also, if premium grade fuel is used, the deposits do
not form. The metallic elements can be traced to organometallic anti-knocking agents added to the normal grade fuel. The
most important of these, ferrocene, has been investigated by several researchers [6,7] who found that this additive provokes
the formation of iron oxide deposits which, at high temperature, are conductive. Ferrocene and other organometallic
additives are not supposed to be present in any fuel grade according to Mexican legislation [8] but clearly, the low-grade fuel
available to the consumer does not comply with this norm.
4. Conclusions
The case presented here is economically important because early engine failure has a nefarious effect on brand
reputation. It exempliﬁes the fact that failure and fracture are different terms and is a rare case where electromagnetic
phenomena cause the failure of a mechanical system. The strong magnetic ﬁeld in the high-efﬁciency spark plug
deposits excessive amounts of metallic ions on the insulator where they cannot be burned off. This creates a short-
circuit, leading to inefﬁcient combustion and deposition of soot on the insulator surface. If high-quality fuel is used,
insufﬁcient metal ions are present to initiate the process, but organometallic anti-knocking agents in low-grade fuel
acerbate the effect and provoke failure. To fully remediate the problem, Government action imposing compliance with
fuel composition norms is essential. Meanwhile, the only remedy is to switch to less advanced but more tolerant
electrode designs.
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